Electrophysiologic evaluation of phrenic nerve and diaphragm function after coronary bypass surgery: Prospective study of diabetes and other risk factors  by Merino-Ramirez, Miguel A. et al.
E
d
P
M
E
General Thoracic Surgery Merino-Ramirez et al
5
G
TSlectrophysiologic evaluation of phrenic nerve and
iaphragm function after coronary bypass surgery:
rospective study of diabetes and other risk factors
iguel A. Merino-Ramirez, MD, PhD,a Gustavo Juan, MD, PhD,b Mercedes Ramón, MD, PhD,c Julio Cortijo, PhD,dlena Rubio, MD, PhD,e Anastasio Montero, MD, PhD,f and Esteban J. Morcillo, MD, PhDe
O
t
t
t
M
i
o
p
u
a
w
1
R
3
d
c
n
o
m
C
a
s
P
s ve
c
s
i is
u
s
jury,
d ng
f or-
t
c eenSupplemental material is avail-
able online.
From the Department of Clinical Neuro-
physiology, Ribera Hospital,a Alzira, Va-
lencia, Spain; the Departments of Medi-
cineb and Clinical Pharmacology,e Faculty
of Medicine, University of Valencia, Va-
lencia, Spain; the Service of Pneumologyc
and the Research Foundation,d University
General Hospital Consortium, Valencia,
Spain; and the Service of Cardiac Surgery,
La Fe University Hospital, Valencia, Spain.f
This study was supported in part by grants
from SAF2005-00669 (J.C.) and SAF2003-
07206-C02-01 (E.J.M.) from CICYT (Min-
istry of Science and Technology, Spanish
Government) and Research Groups-03/166,
Network-CTIAE/C/03/116 and Project-
GV04B72 from Regional Government
(Generalitat Valenciana).
Received for publication March 7, 2006;
revisions received April 19, 2006; accepted
for publication May 12, 2006.
Address for reprints: Esteban J. Morcillo,
MD, PhD, Department of Clinical Pharma-
cology, Faculty of Medicine, Avda. Blasco
Ibáñez, 15, E-46010 Valencia, Spain
(E-mail: Gustavo.Juan@uv.es).
J Thorac Cardiovasc Surg 2006;132:530-6
0022-5223/$32.00
Copyright © 2006 by The American Asso-
ciation for Thoracic Surgeryr
doi:10.1016/j.jtcvs.2006.05.011
30 The Journal of Thoracic and Cardiobjective: Phrenic neuropathy after coronary artery bypass grafting has been related
o various risk factors with conflicting results. The aim of this study was to assess
he incidence, characteristics, and clinical consequences of phrenic neuropathy and
he influence of diabetes and other risk factors.
ethods: We conducted an observational, prospective study of parallel groups
ncluding 94 consecutive patients subjected to coronary artery bypass grafting, half
f them with diabetes and associated polyneuropathy. Electrophysiologic study of
hrenic nerve conduction as the reference method, chest radiography, diaphragm
ltrasound, and functional respiratory tests were performed 24 to 48 hours before
nd 7 days after surgery. In those patients showing phrenic neuropathy, explorations
ere repeated, including needle diaphragmatic electromyography, at 1, 3, 6, 9, 12,
8, and 24 months or until recovery.
esults: Fifteen of the 94 patients (16%) had phrenic neuropathy, 9 in the left side,
on the right, and 3 bilateral. Nine (60%) of the affected patients had diabetes, but
iabetes did not represent a greater risk of neuropathy (relative risk 1.5, 95%
onfidence interval 0.6-3.9). Multivariate analysis showed no association of phrenic
erve injury with age, sex, ejection fraction, diabetes, use of internal thoracic artery,
r number of grafts as risk factors. Phrenic neuropathy did not result in greater
orbidity, and most patients recovered in less than 1 year.
onclusions: None of the risk factors studied, including diabetes, influenced the
ppearance of phrenic neuropathy, thus indicating a role for nerve damage during
urgery. Low morbidity and relatively rapid recovery were observed.
hrenic nerve injury (PNI) is a widely recognized complication after cardiac
surgery. Although chest radiographs and ultrasound examinations are the
only criteria used in some studies to define PNI, these procedures lack
ufficient sensitivity and specificity.1 Electrophysiologic study of phrenic ner
onduction combined with diaphragm electromyography (EMG) are currently con-
idered as the “gold standard” in assessing phrenic nerve function, providing
nformation on the pathophysiology and prognosis of PNI.2 In most cases, PNI 
nilateral with scarce clinical impact; however, bilateral PNI may be associated with
ignificant respiratory morbidity.3
PNI after coronary surgery has been related to phrenic nerve cold in4
iabetes mellitus,5 surgical manipulations,1,6 and ischemia of the nerve resulti
rom harvesting of the internal thoracic artery.7 In particular, diabetes is an imp
ant risk factor for coronary disease, and up to 30% of these patients undergo
oronary artery bypass grafting (CABG).8 A greater incidence of PNI has b
eported in patients with diabetes.5 However, no prospective, controlled, clinical
vascular Surgery ● September 2006
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G
TStudy has been carried out to date, including electrophysi-
logic evaluation, to assess diabetes as a risk factor for PNI
uring CABG.
Therefore, the main objective of the present work was to
onduct an electrophysiologic evaluation of PNI during CABG
nd to assess the relative importance of long-duration diabe-
es with polyneuropathy as well as other risk factors. In
ddition, recovery after PNI and clinical evolution were
tudied.
ethods
atients
rom February 2, 2000, to February 28, 2002, 109 patients sub-
ected to CABG were consecutively enrolled in this study, 53 with
iabetes and 56 without diabetes. All patients gave written in-
ormed consent, and the study protocol was approved by the
niversity of Valencia Hospital Ethics Committee. A recent elec-
rophysiologic study excluding diabetics found an incidence of
NI after cardiac surgery of about 10%.9 An increased relative ris
f 2.8-fold for the development of PNI after CABG has been
eported in patients with versus those without diabetes.5 In the
resent study, sample size was approached considering an inci-
ence of PNI after CABG of 15% for controls and 40% for
iabetics (2.66-fold increase), with an  error of .05, a potency of
0%, and a 10% failure rate in patient follow-up. Inclusion criteria
ere diabetes mellitus of more than 10 years’ duration with
ssociated polyneuropathy evidenced with standard electrophysi-
logic evaluation.10 As a control group, patients without diabe
ut concurrently subjected to CABG were included. Patients with
recedent cardiac or thoracic surgery, chronic respiratory disease,
euromuscular disease, severe or unstable psychologic alterations,
r toxic habits including alcohol abuse were excluded.
tudy Design
n observational, prospective study of parallel groups of patients
ubjected to CABG in a reference university hospital was con-
ucted. Clinical data, respiratory function tests, chest radiographs,
iaphragmatic ultrasound examination, and phrenic nerve conduc-
ion studies (PNCS) were carried out 1 to 2 days before and 6 to
days after surgery. In patients with PNI, clinical and electro-
hysiologic evaluations were repeated, including needle diaphrag-
atic EMG at 1, 3, 6, 9, 12, 18, and 24 months after surgery or
Abbreviations and Acronyms
CABG  coronary artery bypass grafting
CI  confidence interval
EMG  electromyography
PEMAX maximal static expiratory pressure
PIMAX maximal static inspiratory pressure
PNCS  phrenic nerve conduction studies
PNI  phrenic nerve injuryntil neurophysiologic variables returned to normal values. p
The Journal of Thoracicurgical Technique
ABG was performed with a standard technique. Cardiopulmo-
ary bypass was begun with moderate antegrade-retrograde cold
ntermittent blood cardioplegia (nasopharyngeal temperature
8°C-32°C). Topical hypothermia was elicited by intermittently
pplied cold saline (4°C). A group of 24 patients were subjected to
urgery in normothermic conditions, with the heart beating (no
ardiopulmonary bypass).
lectrophysiologic Evaluation of Phrenic Nerve
nd Diaphragm
mplitude, latency, negative peak duration and area, and right-
o-left differences for these variables were measured according to
stablished protocols11 in 920 healthy volunteers to establish 
ormal reference values and their reproducibility for our labora-
ory.12 Latencies greater than 8.4 ms, amplitude values less 
00 V, right-left differences greater than 12.6% and greater than
0% for latency and amplitude, respectively, as well as variation
reater than 11% for latency and greater than 34% for amplitude
etween the first and the second consecutive studies, were consid-
red beyond normal limits.12
The PNCS in patients subjected to CABG were performed by
he same technician in all evaluations (electromyograph Medelec
ynergy T-EP-system; Viasys Healthcare, Conshohocken, Pa,).
hose patients with abnormalities in nerve conduction were re-
valuated after 1 month and also underwent a diaphragmatic EMG
o assess whether neuropathy was primarily axonal or demyelinat-
ng. Diaphragm EMG was performed by monopolar needle
lectrodes.13
ther Measurements
atients with diabetes of more than 10 years’ duration were sub-
ected to a standard electrophysiologic study before surgery to
valuate associated polyneuropathy (distal bilateral lesions without
ny other apparent cause).10 Pulmonary function testing (Compac
ransfer; Erich Jaeger, Inc, Würzburg, Germany) according to the
merican Thoracic Sociey,14 maximal static inspiratory (PIMAX)
nd expiratory (PEMAX) pressures (Sibelmed 163, Barcelona,
pain), chest radiographs (left and right hemidiaphragm elevations
efined according to established criteria),15 and diaphragmatic
cography in M mode (mobility  2 cm was considered)16 were
ecorded. Duration of stay in intensive care unit, duration of
echanical ventilation, and total duration of hospital stay were
lso recorded.
tatistical Analysis
ata are presented as proportions for qualitative variables and as
eans for quantitative variables. Ninety-five percent confidence
ntervals (CI) or standard deviations are given as indicated. The 2
est was used to compare proportions, and analysis of variance
ollowed by post hoc t test or the corresponding nonparametric
ests were used to compare means of different experimental
roups. The influence of risk factors on PNI was estimated by
omparison of relative risk or odds ratios with univariate and
ultivariate analysis as appropriate by logistic regression analysis.
tatistical analysis was carried out by the SPSS version10 software
ackage (SPSS, Inc, Chicago, Ill).
and Cardiovascular Surgery ● Volume 132, Number 3 531
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TSesults
atient Characteristics
ifteen of the 109 patients initially recruited were excluded
rom the analysis because of refusals (1 patient to surgery
nd 2 patients to the electrophysiologic evaluation during
he first week after the operation), death (1 patient died in the
mmediate postoperative period of acute cardiac tamponade),
nd failures in data monitoring during the follow-up (11 pa-
ients). These excluded patients did not differ from the
emaining 94 patients in terms of their risk factors for PNI
r their clinical outcomes, especially with respect to PNI
not shown). Of the 94 patients who finally entered the
tudy, 47 (50%) had diabetes. Demographic characteristics,
ardiorespiratory status, and surgical data of patients are
hown in Table E1. Patients with diabetes were slig
lder (64.7 vs 60.6 years old; P  .02) and had a smaller
orced expiratory volume in 1 second (91.7% vs 96.3%;
 .03). The other demographic characteristics, preoper-
tive cardiorespiratory parameters and type of surgery, were
ot different between the groups. PNCS before surgery
howed no differences between patients with and without
iabetes (Table E2).
valuation of Risk Factors for Phrenic
erve Dysfunction
he univariate analysis comparing incidence and relative
isk of postoperative PNI between diabetic and nondia-
etic patients showed no statistically significant differ-
nce (Table 1). The logistic regression analysis failed to
ny particular risk factor associated with PNI (Table
owever, the univariate analysis showed differences in
elative risk for some factors. Thus, right internal thoracic
rtery harvesting was used in 8 patients, of whom 1 (12.5%)
ad left PNI and 3 (37.5%) had right PNI. Therefore,
lthough in multivariate analysis the use of the right internal
horacic artery was not associated with PNI, in the univar-
ate analysis there was a significantly increased risk of
hrenic dysfunction in the right side (relative risk 10.8, 95%
I 2.6-44.8; P  .01). Left internal thoracic artery harvest-
ng resulted in no significant differences between left and
ABLE 1. Comparison of incidence (percent) and relative
isk of postoperative phrenic nerve injury between diabetic
nd nondiabetic patients
Right injury,
N (%)
Left injury,
N (%) Total
iabetes 4 (8.5) 7 (14.9) 11 (23.4)
o diabetes 2 (4.3) 5 (10.6) 7 (14.9)
elative risk (95% CI) 2.0 (0.4-10.4) 1.4 (0.5-4.1) 1.5 (0.6-3.9)
value .68 .76 .43
I, Confidence interval.ight PNI (relative risk 2.0, 95% CI 0.8-5.1; P  .21). Use v
32 The Journal of Thoracic and Cardiovascular Surgery ● Septef on-pump CABG resulted in PNI in 12 patients (17.1%),
hile 3 PNI cases were observed with off-pump surgery
12.5%): relative risk 1.4 (95% CI 0.4-4.5; P  0.75). Use
f on-pump CABG resulted in 10 left versus 4 right PNIs,
hereas off-pump surgery produced 2 left and 2 right PNI
ases. The relative risk for left PNI associated with on-pump
urgery was 1.7 (95% CI 0.4-7.3; P .72) and that for right
NI was 0.7 (95% CI 0.1-3.5; P  .64). On the other hand,
he univariate analysis showed also that the use of fewer
han 3 grafts was significantly associated with a decreased
isk of PNI (relative risk 0.9, 95% CI 0.85-0.98; P  .05).
atients were operated on by 6 surgeons, but the incidence
f PNI among patients operated on by these different sur-
eons did not significantly differ (P  .42).
ncidence and Recovery of Phrenic Nerve Dysfunction
here was a tendency to decreased diaphragmatic potential
mplitude and to increased latency values in the postoper-
tive study. Individual phrenic nerve conduction latency
nd amplitude data from those patients with neuropathy is
hown in Figure 1. Fifteen patients (15.95%) had PNI, 
he left side, 3 on the right side, and 3 bilateral (ie, 18 nerves
ere affected). The relative risk of a lesion in the left side
elative to the right side was 2.0 (95% CI 0.8-4.8; P  .18).
emyelinating neuropathy was observed in 12 nerves with
lock conduction criteria in 6 of them. In the other 6 nerves
here was axonal injury. The recovery took place earlier for
emyelination (1-3 months) than for axonal injury (6-18
onths), and 1 nerve failed to recover during the observa-
ion period (Figure 2). A severe case of axonal neurop
s shown in Figure E1, with data for phrenic nerve co
ion and hemidiaphragm needle EMG shown at 1, 3, 9, and
8 months after surgery.
ostoperative Outcome
linical consequences of PNI are summarized in Tables
nd 3B. There were no consequences in cardiac inten
are unit and hospital stays and in duration of mechanical
ABLE 2. Results of logistic regression analysis for phrenic
erve dysfunction
ariables Odds ratio 95% CL P value
iabetes 1.19 0.34-4.18 .79
se of CPB 1.05 0.20-5.37 .96
ge 1.06 0.97-1.15 .20
ex 1.12 0.30-4.22 .87
se of RITA 3.69 0.53-25.73 .19
jection fraction 0.99 0.95-1.04 .81
o. of grafts (3 or more) 5.10 0.65-55.67 .12
ther operations 1.58 0.24-10.29 .63
L, Confidence limits; CPB, cardiopulmonary bypass; RITA, right internal
horacic artery.entilation. The patient with severe axonal injury received
mber 2006
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G
TSechanical ventilation for 5 days. The 3 patients with
ilateral PNI were successfully weaned in the first 24 hours
fter surgery. Only patients with phrenic neuropathy had
linical signs of diaphragmatic paralysis such as paradoxical
reathing plus orthopnea (5 patients) and diaphragmatic
levation (4 patients). The ultrasound evaluation showed
bnormalities in only 7 patients (46%) with neuropathy but
lso in 29 (36%) without neuropathy. Pleural effusion was
resent in 59 (62.8%) patients and 8 (8.5%) had atelectasis,
ffecting in the same proportion to patients with and without
NI. Spirometric and PIMAX and PEMAX values fell below
0% of their predicted values in 90 patients (15 with PNI
nd 75 without PNI) more than 1 week after surgery. After
month, only patients with hemidiaphragm elevation (4 pa-ients) maintained respiratory function values below 80% p
The Journal of Thoracicf normal, with recovery paralleling that indicated by chest
adiographs.
iscussion
he incidence of PNI in 94 patients subjected to CABG was
5 patients (15.9%), with predominance of the left side (9
atients) compared with the right side (3 patients), and
ilateral dysfunction in 3 patients. The main objective of our
tudy was to assess the influence of diabetes in the devel-
pment of PNI after CABG. To our knowledge, no prospec-
ive study has been designed with this defined purpose. In
ur study, both groups (patients with diabetes and those
ithout diabetes) had similar characteristics and were sub-
ected to similar surgical procedures; therefore, the two
Figure 1. Evaluation of phrenic
nerve conduction before and af-
ter surgery in 14 patients with
phrenic neuropathy who either
did or did not have diabetes (1
additional patient showed no re-
sponse and was not included in
the figure). Augmented latency
and decreased amplitude was
observed in these patients after
surgery, but individual predomi-
nance of changes in latency
or amplitude is discussed in
text. No significant differences
were found between diabetics
and nondiabetics for relative
changes in latency and ampli-
tude. Percentage differences of
first-to-second study and right-
to-left side were within stan-
dard limits (not shown). In the
graph, each line represents a di-
abetic (broken line) or nondia-
betic (continuous line) patient.
Points are mean  SEM. A sig-
nificant difference was found
between the preoperative and
postoperative evaluations (*P <
.05).opulations were comparable. The small difference in age
and Cardiovascular Surgery ● Volume 132, Number 3 533
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5
G
TS4 years) is unlikely to have any influence because only
arked differences are relevant.11 Forced expiratory vol-
mes in 1 second were slightly lower in diabetics,17 but this
mall difference is likely irrelevant inasmuch as it was
nrelated to phrenic nerve dysfunction as demonstrated by
hrenic nerve conduction and diaphragm studies showing
o significant difference between the two groups of patients.
he finding in this study of normal PNCS in diabetics with
ssociated polyneuropathy is consistent with clinical pre-
ominance of symmetrical distal polyneuropathy, whereas
roximal diabetic neuropathy is uncommon.18
In multivariate analysis, no significant association was
ound between PNI after CABG and any of the risk factors
tudied, including diabetes mellitus. Although diabetics
ere reported at higher risk for elevated hemidiaphragm
fter CABG,5 other studies using electrophysiology to d-
ne PNI found no increased risk for these patient2,16
owever, a limitation of our study is that, despite a trend
oward differences between groups, sample size is not suf-
cient to exclude a level of increased risk in diabetics lower
han that previously reported as significant.5
Other risk factors also appeared as not significantly as-
ociated with PNI. Thus, hypothermia was not a risk factor,
ecause PNI was also observed on the right side (6 cases not
ubjected to local hypothermia), as well as in patients with-
ut cardiopulmonary bypass (3 cases, 1 of them bilateral).
igure 2. Time course of postoperative recovery of phrenic nerve
njury. Eighteen nerves were affected in 15 patients. The most
apid recovery corresponded to demyelination without blocked
onduction (6 nerves), which recuperated in 1 month (□). Cases
f demyelination associated with blockade of conduction (6
erves) recovered within 3 months (Œ). The lowest rate of recov-
ry was associated with axonal injury (6 nerves) (). In this last
roup, 1 of the 6 nerves did not recover after 24 months (not
hown).owever, unlike in other studies,9 iced slush was not used; p
34 The Journal of Thoracic and Cardiovascular Surgery ● Septeherefore, the degree of hypothermia in our study was not
ntense enough to affect phrenic nerve function. An associ-
tion between use of the internal thoracic artery and PNI has
een reported,16 but others failed to corroborate this fi-
ng.2,9 In keeping with this, the left internal thoracic a
as used in 84% of our patients without PNI. However, the
redominance of left PNI and the increased risk of right PNI
inked to the use of a high number of grafts (and therefore
lso of the right internal thoracic artery, as indicated by the
nivariate analysis) suggest that, independently of other
actors, direct or indirect insult to the nerve during surgical
anipulation (dissection of internal thoracic artery and elec-
rocautery) could be a causative factor in our study. This is
n keeping with other observations.1,6,7
In accordance with other reports,2,16 an important finding
f this study is the lack of predictive and diagnostic accu-
acy of clinical signs, chest x-ray films, pulmonary function
ests, and ultrasound studies of diaphragm function, proba-
ly due to confounding clinical and radiologic alterations
nd difficulties in performing forced respiratory maneuvers
n the immediate postoperative period. Therefore, we used
NCS as the “gold standard” to assess phrenic nerve dys-
unction. Combined with diaphragm EMG, these studies
rovide clinically useful information on the pathophysiol-
gy and prognosis of the lesion.19,20 With this technique, 
ower incidence of phrenic neuropathy after CABG is found
ith values between 10%9 and 36%.21 The incidence o
6% found in this study is within this range of values.
In this study, latency and amplitude were used because
hese two variables provide complementary information for
efining nerve lesion. Area measurements were not used
ince this variable has been less studied and its pathophys-
ologic value is similar to that of amplitude.22 In our pa-
ients, 6 of the affected nerves showed prolonged latencies
ithout decreased amplitudes and with no appreciated al-
erations in EMG. Along with rapid recovery after 1 month,
hese results suggest demyelination without axonal damage.
nother 6 nerves showed marked decreases in amplitude
ithout acute signs of axonal degeneration in EMG after 1
onth but with a reduced number of activated motor units,
hich indicates partially blocked conduction owing to focal
emyelination at the injured site of the nerve. In 5 of the 6
erves with EMG data of axonal degeneration (fibrillation
nd positive waves) and predominant alteration of ampli-
ude, a slowly progressive recuperation of nerve excitability
ith gradual increase in amplitude was shown, suggesting
xonotmesis and requiring a longer recovery time (6
onths). However, 1 additional patient showed marked
igns of axonal damage with no response after stimulation
uring 2 years of follow-up, which suggests a severely
amaged nerve (neurotmesis). Early cases of PNI with rapid
ecovery were undetected in the first postoperative electro-
hysiologic evaluation, but these mild transient nerve alter-
mber 2006
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G
TStions are unlikely to have clinical relevance. The recov-
ry times found in this study for the different types of
esions as indicated above are within values reported in
he literature.6,21,23
Taken together, our data show that, at early stages,
bsent or reduced nerve responses do not necessarily indi-
ate a bad outcome; a combination of needle EMG and
erial conduction studies are necessary to determine a diag-
osis and reliable prognosis. Most of the cases of phrenic
erve dysfunction were unilateral and not associated with
reater morbidity, longer duration of respiratory support, or
onger intensive care unit and hospital stays. This is in
greement with the irrelevant clinical consequences of uni-
ateral PNI except when associated with other cardiorespi-
atory abnormalities.23 These results applied only to adu
ecause in children, diaphragmatic paralysis complicating
ardiothoracic surgery continues to have a significant mor-
idity.24 Taking into account our results, diaphragm EM
ould be useful in children to predict time of recovery and
ecessity of diaphragmatic plication.
In conclusion, neither diabetes nor any of the other risk
actors analyzed significantly influenced the appearance of
hrenic nerve injury, thus suggesting that surgical manipu-
ation was the main causative agent in our patients. Phrenic
erve conduction and diaphragm needle EMG are useful
nd reliable techniques to evaluate phrenic nerve damage,
roviding valuable information on its pathophysiology, evo-
ution, and prognosis. Nevertheless, the presence of phrenic
europathy in our patients was without relevant clinical
ABLE 3A. Clinical data comparing patients with and wit
CU, and hospital stay
Phrenic neuropathy (n  1
Mean (SD) Min
ardiac ICU stay, d 5.0 (1.9) 3-
ospital stay, d 9.9 (4.1) 6-
echanical ventilation, h 16.9 (28.8) 5-
CU, Intensive care unit; Min-max, minimum-maximum; SD, standard devia
ABLE 3B. Clinical data comparing patients with and wit
onsequences of phrenic neuropathy
Phrenic neuropathy, n  15;
No of patients (%)
linical data suggestive of
diaphragmatic paralysis
5 (33)
emidiaphragm elevation 4 (26)
bnormal diaphragmatic ultrasound 7 (46)
I, Confidence interval.mpact in terms of evolution and recovery except in 1 case.
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TSABLE E1. Demographic, preoperative cardiorespiratory function, and surgical variables regarding the 94 patients in
he study
Diabetes No diabetes P value
No. of patients (%) 47 (50) 47 (50) NS
Age, y (SD) 64.7 (7.0) 60.6 (9.8) .02
Sex, M/F 21/26 27/20 NS
Body mass index (mean SD) 28.6 3.41 28.19 3.35 NS
Ejection fraction, % (SD) 53.7 (12.2) 56.2 (12.7) NS
FEV1, % predicted (SD) 91.7 (9.3) 96.3 (11.5) .03
Vital capacity, % predicted (SD) 93.6 (8.7) 96.4 (9.6) NS
PIMAX, cm H2O (SD) 95.2 (12.8) 99.3 (18.7) NS
PEMAX, cm H2O (SD) 119.19 (30.57) 128.1 (30.4) NS
CABG with CPB, No. 36 34 NS
CABG beating heart, No. 11 13 NS
Grafts per patients, No. 3.2 (0.99) 3.3 (1.18) NS
RITA grafts, No. 5 3 NS
Valve replacement, No. 3 3 NS
CBP time, min (SD) 149.5 (31.5) 146.4 (32.3) NS
Aortic crossclamp time, min (SD) 87.6 (24.7) 88.2 (21.9) NS
D, Standard deviation; FEV1, forced expiratory volume in 1 second; PIMAX, maximal static inspiratory pressure; PEMAX, maximal static expiratory pressure;
ABG, coronary artery bypass grafting; CPB, cardiopulmonary bypass; RITA, right internal thoracic artery; NS, not significant.
ABLE E2. Comparison of preoperative phrenic nerve parameters between diabetic and nondiabetic patients
EMG parameters Diabetes (n  47) No diabetes (n  47) P value
Latency, onset time in ms 7.0 (0.6) 7.1 (0.5) NS
Right-left difference, % 4.0 (2.9) 3.4 (2.5) NS
NP amplitude, V 788 (231) 763 (235) NS
Right-left difference, % 12.2 (9.1) 12.9 (9.1) NS
NP duration, ms 18.2 (2.9) 18.0 (2.4) NS
Right-left difference, % 8.8 (6.2) 7.8 (5.5) NS
NP area, V · ms 9.3 (2.1) 8.8 (2.2) NS
Right-left difference, % 12.9 (11.1) 12.8 (10.1) NS
ata are presented as mean (standard deviation). Right-left difference was calculated in percent as (absolute value of [R-L])/(mean of R and L) for each
ariable. NP, Negative peak; NS, not significant.
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TSFigure E1. Summary of the results of phrenic nerve conduction (left panels) and hemidiaphragmatic needle
electromyography (right panels) of a diabetic patient with absent response at 1 week after surgery but then
showing a progresive improvement in the following months, as indicated. One month later, no responses were seen
in the right side (panel A), but needle electromyography showed profuse positive sharp waves and fibrillations
(panel B). Three months later, polyphasic responses were recorded with needle electrode from the right
hemidiaphragm in response to phrenic nerve stimulation, with an onset latency of 22.5 ms (panel C), and small
polyphasic reinervation motor unit action potentials were observed (panel D). Nine months later, reduced and
delayed responses were recorded with a surface electrode from the right hemidiaphragm to phrenic nerve
stimulation, with an onset latency of 10.2 ms and amplitude of 380 V (panel E) and needle electromyography with
a larger number of motor unit actions potentials (panel F). Eighteen months later, normal response (latency 6.85 ms;
amplitude 835 V) was recorded with a surface electrode from the right hemidiaphragm to phrenic nerve
stimulation (panel G). Calibration: sensitivity is 0.1 (A, B,), 0.2 (D-G), and 0.5 (C) mV per division, and sweep speed
is 10 ms per division in all panels except F, which is 100 ms per division.
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